I. INTRODUCTION
T HE QUEST for high-performance electric drives, advent of cost-effective computer systems with highly sophisticated motor design software, and advances in high-strength rare-earth permanent-magnet (PM) materials, have all contributed in opening up new realms for novel topology developments of PM machines. One such example is found in the permanent-magnet flux switching (PMFS) machine, which was first introduced in 1955 [1] . In the PMFS machine, all the excitation sources such as PMs and armature windings are disposed on the salient-pole stator. Thus, simple thermal management can be easily achieved. The passive salient-pole rotor, similar to that of the switched reluctance machine, has a simple and rugged structure [2] . Furthermore, the PMFS machine possesses some other merits such as high torque density, high efficiency, and good flux-weakening capability [3] . As the interests in the machine grow, new analytical methods involving nonlinear lumped parameter magnetic circuit models are being developed to promptly and accurately evaluate the performances of PMFS machines [4] - [7] . However, finite element analysis (FEA) of electrical machine is being well developed and used [8] - [10] , hence it becomes the most common method for PMFS machine design and analysis. In the last decade, PMFS machines with various configurations have been developed for applications ranging from the domestic appliances market to the aerospace industry [11] - [19] . Meanwhile, there has been a large body of work in the area of optimization of different machine parameters including rotor pole width, winding configuration, and stator and rotor pole combination, where comprehensive comparisons are made to show their relative impacts on the electromagnetic performance of the PMFS machines [20] - [25] . Due to the high air gap flux density, together with the doubly salient structure of the PMFS machine, there will be severe magnetic saturations developed in the machine's teeth. The saturations result in parasitic torque pulsations which vary periodically with rotor position and lead to speed fluctuations, which is a major disadvantage of the PMFS machine. In general, torque ripple causes mechanical vibration and acoustic noise, and could deteriorate the machine's performance and even cause failures. The torque ripple in the PMFS machine originates from three main sources: 1) cogging torque generated by the PM field energy variations with rotor position; 2) torque produced by the interaction between the magnetic fields by winding currents and the PMs; and 3) reluctance torque produced by winding inductance alterations with rotor position. Accordingly, torque ripple minimization techniques can be divided into two different categories: control-based or design-based [26] . The former usually involves sophisticated real-time controller to precisely profile and feed the required current excitation, while the latter generally concerns design optimization of the geometric parameters of the machine. Normally, the design-based techniques are more effective yet economical than the control-based ones, which invariably involve costly, reliable and accurate sensors. Torque ripple reduction is of particular importance in PMFS machine for high performance low-speed or high-precision position control applications. Compared with conventional PM brushless machine, there are relatively exiguous researches addressing the issues of torque ripple minimization in PMFS machines from either machine control [27] or design [28] - [31] perspectives. Due to the relatively simple rotor structure of the PMFS machine, optimal rotor design techniques, which are usually simple and cost effective, are much more preferable to alleviate the cogging torque and torque ripple of PMFS machine.
In this paper, the key parameters of the PMFS machine under study are first introduced and modeling approaches of torque ripple are discussed. Then the effects of the rotor pole width and rotor pole number on torque characteristics such as cogging torque, torque ripple and output torque are determined using two-dimensional (2-D) FEA. The expedient rotor step skewing technique is proposed and thoroughly investigated into its effec- tiveness to mitigate the cogging torque and torque ripple of the PMFS machine. The influences of stator current excitation on the machine torque characteristics are also examined and presented in 2-D FEA results. Moreover, three-dimensional (3-D) FEA models, which take into account the end effects of the machine as well as the axial interactions between the rotor steps, are carried out to validate the corresponding 2-D FEA results. Finally, two prototype machines with 10-pole rotors are built and experimental results are undertaken to underpin the validity of the FEA results. The results not only verify that the cogging torque and torque ripple of the PMFS machine can be effectively suppressed, but also reveal that the optimal least step number and angle are closely related to the harmonic contents of the torque pulsation and rotor pole number.
II. PMFS MACHINE AND TORQUE RIPPLE MODELING
The PMFS machines under study are illustrated in Fig. 1 . It can be found that the two machines share a common elaborate stator of 12 poles with embedded rectangular PMs and concentrated coils, with each possesses a robust and passive rotor of 10 and 14 poles, respectively. The operation principle and general design guideline of such PMFS machines can be found in [2] , while the detailed design and performance analysis of the proposed machine have been reported in [32] . The key design parameters of the PMFS machine, on which the torque ripple reduction and analysis in this study are based, are given in Table I. The PMFS machines, which inherently use unique doubly salient structure, still suffer from the inevitable torque ripple. Based on the previous discussions, there are generally two types of torque ripple: the load-independent cogging torque and loaddependent torque pulsations. The cogging torque in PMFS machines, which originates from the tendency of the passive and salient rotor to align itself with minimum PM field energy by altering positions between the rotor and stator, is load-independent. The torque acting on single stator pole in the PMFS machine without stator armature excitations can be expressed as (1) where is the rotor pole number, is the amplitude of the corresponding th torque harmonics, and is the rotor position relative to the middle of stator pole. The resultant cogging 
By inspection, one finds only the terms in which are integers are not equal to zero. In other words, the fundamental frequency of the cogging torque is the least common multiple of and , lcm . For the sake of clarity, the load-dependent torque pulsations will be treated as a whole. Moreover, in this paper pure sinusoidal excitation current will be used in the analysis. This will then decouple any controller effects from the torque ripple. Based on space-time transformation [33] , the torque acting on a single stator pole with load condition can be derived by synthesizing the load-independent and load-dependent components as (3) where , and are the amplitude and phase angle of the th harmonic of the torque on single stator pole generated by phase current with amplitude and phase angle . Thus, the total torque of the machine can be synthesized as (4) It can be inspected that the fundamental period of the overall torque ripple is the same as that of the cogging torque. The main components of the local stator pole torque contributing to the cogging torque and torque ripple should be minimized by different rotor design techniques such as rotor pole width optimization and rotor step skewing. 
III. ROTOR POLE WIDTH
The rotor pole width greatly influences the performance of PMFS machine. The impacts of the rotor pole width on back electromotive force (EMF) in a PMFS machine with a 12/10 stator/rotor pole topology have been studied and revealed by 2-D FEA and experimental results [20] . Furthermore, the optimal values of rotor pole width for maximum torque output and minimum cogging torque and torque ripple are always attainable. However, they normally are not the same [4] . Consequently, compromise between the quantity and quality of the output torque would be inevitable during machine design stage.
The PMFS machines under study have a rather distinctive doubly salient structure. However the direct-axis and quadrature-axis reluctances of such a PMFS machine are similar in magnitude such that the exploitable reluctance torque is almost negligible [4] . Without loss of generality, the phase angle of the armature current is set to zero in order to simplify the analysis in this section. With the rated current of 50 A (peak) excited in the stator phase windings, the average torque output values of the proposed two machines with different rotor pole widths are evaluated by 2-D FEA and comparisons are shown in Fig. 2 . It can be seen that the optimal rotor pole width for maximum torque output in the 12/10 machine are much larger than the one in the 12/14 machine. Higher torque can be generated in the 12/14 machine until the rotor pole width reaches 13 degrees and the disparity is quite significant as the rotor pole width is small. However, the output torque of the 12/14 machine declines steeply as the rotor pole width goes beyond 12.5 degrees, while that of the 12/10 machine more or less maintains the magnitude. The range of rotor pole width for the 12/10 machine to generate torque less than one percent difference from the optimal one is from 11.5 to 14.5 degrees, which is much broader than the one from 9 to 10.5 degrees for the 12/14 machine. Meanwhile, Fig. 3 sheds some light on the effects of the rotor pole width on the cogging torque and torque ripple by showing their peak-to-peak (P-P) values versus the rotor pole width. It can readily be seen that the rotor pole width greatly influences the torque characteristics in both machines. The P-P cogging torque values sometimes even exceed the P-P torque ripple ones, especially for the 12/10 machine. This observation hints that the load-dependent torque pulsations might counteract with the load-independent ones [31] . By and large, the torque pulsations are much less significant in the 12/14 machine. Based on the preceding analysis, the rotor pole widths of 14.25 and 9.25 degrees are selected for the study hereinafter by considering the overall torque output and torque ripple performance in the 12/10 and 12/14 machines, respectively. The predicted torque profiles at rated current excitation of the two machines, together with their cogging torque waveforms are plotted in a periodic interval of 60 electrical degrees as shown in Fig. 4 . Furthermore, the main harmonic components of the waveforms are computed and illustrated in Fig. 5 . In the 12/10 machine, the fundamental component of the cogging torque is the dominant contributor for both cogging toque and torque ripple, and the load-dependent part places a very slight impact on the resultant torque ripple. In the 12/14 machine, the second harmonic instead of the fundamental one, is the prevailing component of the cogging torque. The load-dependent torque pulsations impose additional contributions to the torque ripple in terms of elevated fundamental component. The P-P torque ripple values in the two machines are nearly the same, while the cogging torque in 12/10 machine is twice greater than the one in the 12/14 machine.
IV. ROTOR STEP SKEWING
Generally, the selection of a torque ripple reduction technique should take into account the issues of complexity and hence the costs of implementation as well as the impact on machine performance such as output torque. Thus, the rotor design based techniques are more preferable as a result of the complex stator structure of the proposed PMFS machines. 
A. Modeling of Rotor Step Skewing
As an alternative to the effective rotor skewing one, the rotor step skewing technique, which arranges the rotor axially in discrete steps, is employed in this paper to further reduce the torque ripple of the proposed PMFS machines. The rotor step skewing technique can be essentially treated as several identical machines with circumferentially and successively shifted rotors axially conjoined together. By neglecting the axial interactions between the steps, the resultant cogging torque of the machine with rotor step skewing can be obtained by synthesizing the cogging torque produced by each step as (5) where and are the skewing step numbers and mechanical skewing angle between the adjacent two modules. Besides, with the phase advancing concept [34] , the overall torque of the machine can be expediently expressed as (6) By inspection, all the cogging torque harmonics can actually be eliminated except those which are multiples of with the skewing angle as (7) where normally should be kept as small as unity in order to prevent the machine performance from deteriorating beyond an optimal limit. However, the effect of the rotor step skewing on load-dependent torque pulsations is not readily apparent from (6) . It could also be found from the aforesaid section that the contributions of the cogging torque to the overall torque ripple of the proposed PMFS machines are of great significance. Therefore, the skewing angle from (7) could be employed to effectively alleviate the torque ripple as well.
B. Influence of Rotor Skewing Step Numbers
With the corresponding step skewing angles derived from (7), the machines with up to six rotor skewing steps are comprehensively investigated by the synthesized 2-D FEA method [31] . The results have showed that the least skewing step numbers for the optimal torque ripple mitigation in the proposed PMFS machines are generally determined by the harmonic contents of the corresponding torque ripple.
1) The 12/10 PMFS Machine: The cogging torque and torque profiles of the 12/10 PMFS machine with rotor skewing steps ranged from one to six are estimated and compared in Figs. 6 and 7, respectively. Fig. 6 shows that the cogging torque can be practically eliminated in the machines with more than one skewing step, which comports with the results in Fig. 5 that the fundamental harmonic is the only dominant part of the cogging torque in the 12/10 machine. It is observed from Fig. 7 that the torque ripple can be substantially suppressed as the rotor skewing step is more than one. Moreover, the main harmonic components of the torque profiles in Fig. 7 are plotted in Fig. 8 , which validates that the harmonics of the torque ripple could be significantly reduced except the multiples of the skewing step number. The torque output, P-P cogging torque, and P-P torque ripple values versus rotor skewing step number of the 12/10 machine are collectively plotted in Fig. 9 . It can be perceived that the average torque output would experience a considerable drop from one to two skewing steps and gradually decline as the rotor skewing step number further increases. Meanwhile, both the cogging torque and torque ripple of the machines with two to six rotor skewing steps could be effectively reduced to some extent. In addition, the rotor skewing step number should be as small as possible in order to simplify the implementation. Therefore, at least two discrete rotor steps shifted by 3 degrees are deemed adequate and optimal to curtail the cogging torque and torque ripple in the proposed 12/10 PMFS machine. . Torque output, P-P cogging torque, and P-P torque ripple variations with rotor skewing step number in the 12/10 machine. 2) The 12/14 PMFS Machine: Figs. 10 and 11 show the predicted cogging torque and output torque profiles of the 12/14 PMFS machines with up to six skewing steps, respectively. Both the cogging torque and torque ripple in the 12/14 PMFS machine would still maintain a thriving magnitude with two rotor skewing steps. As the skewing step number exceeds two, the cogging torque would be virtually eliminated and the torque ripple can be effectively alleviated. The results are in well response to the appreciable second harmonics of the torque ripple in the 12/14 PMFS machine in Fig. 5 . The major harmonic components of the torque ripple in the 12/14 machines with different skewing step numbers are shown in Fig. 12 , which highlights the influence of rotor skewing step number on each harmonic component. The fundamental harmonic of the torque ripple could be merely reduced to about half, while the higher harmonic components especially the second one could be drastically curtailed with appropriate rotor skewing step numbers. The output torque, P-P cogging torque and torque ripple versus the rotor skewing step number of the 12/14 machine are collectively plotted and summarized in Fig. 13 . It is apparent that the shape of the average output torque variation profile in the 12/14 machine is almost the same as its counterpart in the 12/10 machine but the cogging torque and torque ripple would not be substantially suppressed until the rotor skewing step number reaches three. With invariable performance tradeoffs it is unequivocal that the least rotor skewing step number and angle for optimal torque ripple reduction of the 12/14 machine are three and 1.42 degrees, respectively.
C. Influence of Current Excitations
Severe magnetic saturation, an inherent feature of the unique PMFS machine structure, can adversely affect the torque output Fig. 13 . Torque output, P-P cogging torque, and P-P torque ripple variations with rotor skewing step number in the 12/14 machine. Figs. 14 and 15 , respectively. It could be inspected from both the figures that the average torque outputs of the rotor step skewing machines are somewhat depreciated while the corresponding P-P torque ripple values are evidently attenuated. The P-P values of the torque ripple in the unskewed 12/10 machine almost remain constant and then start to decline gradually after the current reaches 40 A. It can be inferred that the cogging torque could be offset by the countervailing factor of load-dependent torque pulsations at high current excitations in this machine. Contrarily, the load-dependent torque pulsations in the other three machines turn into the availing contributors of torque ripple so that the P-P values of torque ripple increase with the ascending current. With an aim of gaining further insight, the impacts of the stator armature current excitation on the fundamental and second harmonic components (major ones) of the torque ripple in the machines are further investigated and the results are unveiled in Figs. 16 and 17 , respectively. Since it has ascendancy over the other harmonics, the fundamental torque ripple harmonic variation in the unskewed 12/10 PMFS machine still follows nearly the same profile as the P-P torque ripple value one in Fig. 14 despite the fact that Fig. 15 . Torque output, P-P cogging torque, and P-P torque ripple variations with current excitations in the 12/14 machines. the second harmonic component rises steadily with the current. However, the stator armature current would enhance both the fundamental and second torque ripple harmonics in the step skewed 12/10 machine. In the meantime, the second harmonic components of the torque ripple in both the 12/14 PMFS machines almost remain unchanged while the fundamental ones are quickly boosted as the current excitation mounts up.
D. 3-D FEA Validation
The comprehensive 3-D FEA models, which account for the end effects of the PMFS machine and the axial interactions between the rotor steps, are crucial for more accurate cogging torque and torque ripple predictions. By exploiting the periodic boundary conditions, only halves of the proposed machines are modeled for computational efficiency. The flux density distributions of the machines under no-load condition evaluated by the 3-D FEA models are illustrated in Fig. 18 , which show that severe magnetic saturations occur especially in the parts adjacent to the air gap and the stator rim. The estimated cogging torque profiles of the machines from 2-D and 3-D FEA models and the corresponding P-P values are compared in Fig. 19 and Table II , respectively, which show the results are in good agreements and the 3-D FEA results are generally higher than the 2-D FEA ones. The fundamental harmonic components of the cogging torque are not practically eliminated in the step skewed machines due to the end effects and axial interactions. It is underpinned by 3-D FEA results in Fig. 19 which manifest noticeable fundamental harmonic in the corresponding cogging torque profiles. However, the 3-D FEA results confirm that the cogging torque of the PMFS machines can be drastically mitigated by rotor step skewing technique. On the other hand, the torque waveforms of the machines with rated current excitations from 2-D and 3-D FEAs are depicted in Fig. 20 , while the corresponding values of P-P torque ripple and average torque are given in Table II . It can be observed that reasonable agreements have been achieved and the 3-D FEA results are conceivably lower than the 2-D FEA ones due to consideration of the end effects and axial interactions. Nevertheless, the 3-D FEA results further validate that the torque ripple of the proposed PMFS machines can be reduced effectively with a trade-off of average output torque by the rotor step skewing technique. On the whole, the validity of the synthesized 2-D FEA models has been verified by the 3-D FEA ones.
V. EXPERIMENTAL VALIDATION AND DISCUSSIONS
The 12/10 machines with 14.25-degree rotor poles, one with the uniform rotor and one incorporating the rotor step skewing technique, have been prototyped for the validations of the FEA models, and for the verification of the rotor step skewing method for torque ripple suppression. Fig. 21 shows the photos of the common stator and the two different rotors. In Fig. 21 , the cogging torque profiles of the prototype machines evaluated from the FEA models are compared with the experimental results. There are glaring discrepancies between the predicted and measured results, particularly for the step skewed machine. The FEA models are hypothetically developed on the basis of perfect machines without any mechanical tolerances and assembly deficiencies. But in reality, it will be impractical to fabricate an ideal machine and the cogging torque is generally sensitive to those imperfect factors. Also accounting for errors from experiments and software, the agreements between the FEA and measured results are considered satisfactory. Moreover, the experimental results confirm that the cogging torque could be significantly reduced by the rotor step skewing technique, P-P value from 0.296 N m to 0.105 N m, or a nearly 64.5% reduction. The experimental torque waveforms of the machines under rated load condition are composed of 12 static torque measurements over a torque pulsation period of 6 degrees by exciting the three-phase winding with dc current according to the rotor positions. The measured torque profiles of the prototypes at rated current of 50 A (peak) are shown in Fig. 23 , in which the 2-D and 3-D FEA results are also included for comparisons. It can be seen that the experimental results deviate considerably from the FEA ones. During the experiments, any rotor position errors would have been amplified by ten times as the prototypes have ten rotor poles and measurement errors in the winding currents do exist. These factors, together with the ones aforementioned for cogging torque, potentially lead to more substantial experimental errors. More importantly, the experimental average torque values of the prototypes are 5.066 N m and 4.856 N m, respectively, which are rather smaller than the estimated ones due to the lamination stack factor and friction effects. Furthermore, the measured P-P values of the prototypes are 0.447 N m and 0.159 N m, respectively. Thus, the overall torque ripple could be effectively attenuated by 64.4% by rotor step skewing, but with the compromise of a reduction of 4.2% of the average torque output. Additionally, the phase back-EMF waveforms of the prototypes from FEA results and experimental tests at the rated speed of 1000 rpm are plotted and compared in Fig. 24 , which reveals that the measured ones are rather smaller than the predicted ones as expected and the profiles are essentially sinusoidal. The corresponding crucial harmonics (fundamental, fifth, and seventh) of the phase back EMF are derived and given in Table III for further comparison. The deviations among the fundamental harmonic values from the 2-D, 3-D FEA, and measured results comport well with the corresponding ones of average output torque. It can be noticed that the harmful fifth harmonic is significantly reduced at the expenses of slightly increased seventh one and depreciated fundamental one by rotor step skewing.
From the previous comprehensive analysis and comparisons, the optimal step number and angle are highly dependent on the rotor pole numbers and especially the harmonic contents of the torque ripple. The cost-effective rotor step skewing technique not only could drastically alleviate the cogging torque but also effectively suppress the general torque ripple. However, it should be noted that the rotor step skewing technique would inevitably compromise the torque output of the machine. Thus, it is important to undertake suitable appraisal on the pros and cons of the technique to be implemented in order to meet the specific requirements of the application.
VI. CONCLUSION
The torque analysis on the 12/10 and 12/14 PMFS machines with different configurations has been carried out. The rotor pole width and stator/rotor pole combination of the proposed PMFS machine have significant impacts on both the harmonic contents and corresponding amplitudes of the cogging torque and torque ripple, as well as the average output torque. As a result, the optimal values of rotor pole width are determined by considering the output torque and torque ripple performance in the 12/10 and 12/14 machines, respectively.
The rotor step skewing technique deteriorates average output torque compared with the machine with the uniform rotor. Further torque ripple reduction in the PMFS machines with step skewed rotor is an effective design measure, but requires careful selection of the step number and angle. With the corresponding optimum skewing angle, the minimum steps number to get an effective torque ripple reduction is found to be the same as the dominant torque ripple harmonic number plus one. Consequently, comprehensive torque analysis is of particular importance before the implementation of rotor step skewing technique. Finally, the experimental results obtained from the prototypes shows satisfactory agreements with the estimated results by 2-D and 3-D FEA approaches, and underpin the findings of the study.
